In this double-blind crossover study, the effects of bolus infusions of 0.9 % saline (NaCl) and Hartmann's solution on serum albumin, haematocrit and serum and urinary biochemistry were compared in healthy subjects. Nine young adult male volunteers received 2-litre intravenous infusions of 0.9 % saline and Hartmann's solution on separate occasions, in random order, each over 1 h. Body weight, haematocrit and serum biochemistry were measured pre-infusion and at 1 h intervals for 6 h. Biochemical analysis was performed on pooled post-infusion urine. Blood and plasma volume expansion, estimated by dilutional effects on haematocrit and serum albumin, were greater and more sustained after saline than after Hartmann's solution (P 0.01). At 6 h, body weight measurements suggested that 56 % of the infused saline was retained, in contrast with only 30 % of the Hartmann's solution. Subjects voided more urine (median : 1000 compared with 450 ml) of higher sodium content (median : 122 compared with 73 mmol) after Hartmann's than after saline (both P l 0.049), despite the greater sodium content of the latter. The time to first micturition was less after Hartmann's than after saline (median : 70 compared with 185 min ; P l 0.008). There were no significant differences between the effects of the two solutions on serum sodium, potassium, urea or osmolality. After saline, all subjects developed hyperchloraemia ( 105 mmol/l), which was sustained for 6 h, while serum chloride concentrations remained normal after Hartmann's (P 0.001 for difference between infusions). Serum bicarbonate concentration was significantly lower after saline than after Hartmann's (P l 0.008). Thus excretion of both water and sodium is slower after a 2-litre intravenous bolus of 0.9 % saline than after Hartmann's solution, due possibly to the more physiological [Na + ]/[Cl − ] ratio in Hartmann's solution (1.18 : 1) than in saline (1 : 1) and to the hyperchloraemia caused by saline.
(Ab)normal saline and physiological Hartmann's solution: a randomized double-blind crossover study
INTRODUCTION
Although Hartmann's solution (Ringer's lactate) is the recommended fluid for the resuscitation of patients with haemorrhagic shock [1] , 0.9 % sodium chloride (saline) continues to be one of the most frequently used crystalloids in the perioperative period, for both replacement and maintenance purposes [2] . The properties of the latter are not entirely physiological [3] and studies on both normal volunteers [4, 5] and patients [6] [7] [8] [9] have shown that infusion of large amounts of 0.9 % saline are associated with a hyperchloraemic acidosis, which may have a deleterious effect. We recently studied the effects of 2-litre infusions of 0.9 % saline and 5 % dextrose over 1 h periods in healthy volunteers, and found that while almost two-thirds of the infused saline was retained at 6 h, most of the dextrose had been excreted 1 h after completion of the infusion [5] . When Hahn and Svensen studied the effects of an infusion of 40 ml\min of Ringer's acetate solution over a period of 40 min [10] , and of 25 ml\kg over 30 min [11] , they found that the kinetics of Ringer's solution were intermediate between those we observed with dextrose and saline [5] . These findings are also consistent with those of Williams et al. [4] , who showed that, when volunteers were infused with Hartmann's solution (Ringer's lactate) or 0.9 % saline at 50 ml\kg over 1 h, they passed urine significantly earlier after Hartmann's than after saline. The present study was conducted in order to compare the responses of normal subjects to 2-litre infusions of 0.9 % saline and compound sodium lactate Hartmann's solution (sodium chloride 0.6 %, sodium lactate 0.25 %, potassium chloride 0.04 %, calcium chloride 0.027 %) over 1 h. In particular, the extent and time course of the effects of the two infusions on haematocrit, serum albumin and serum biochemistry, and the resultant urinary responses, were measured.
This paper was presented to the European Society of Parenteral and Enteral Nutrition, Glasgow, September 2002, and has been published in abstract form [11a] .
METHODS
This double-blind, crossover study was conducted on 10 healthy young adult male volunteers (after obtaining informed consent), using a model described previously by us [5] . Only subjects with a body weight of 65-80 kg and a body mass index of 20-25 kg\m# were included. Any subjects with chronic medical conditions or acute illness in the 6-week period preceding the study, on regular medication or with a history of substance abuse, were excluded.
Subjects reported for the study at 09.00 hours after a fast from midnight. After voiding of the bladder, height was recorded to the nearest 0.01 m, weight was measured to the nearest 0.1 kg using Avery 3306ABV scales (Avery Berkel, Royston, U.K.), and body mass index was calculated.
Two venous cannulae were inserted (one in each forearm) and blood was sampled for full blood count, haematocrit, serum electrolytes (sodium, potassium, chloride and bicarbonate), albumin and osmolality. The urine collected was analysed for osmolality and for concentrations of sodium and potassium.
Serum and urinary osmolality were measured on a Fiske 2400 Osmometer (Vitech Scientific Ltd, Partridge Green, West Sussex, U.K.) using a freezing point depression method which has a coefficient of variance (CV) of 1.2 %. A Vitros 950 analyser (Ortho Clinical Diagnostics, Amersham, U.K.) was used to measure serum sodium (CV 0.6 %), potassium (CV 1.0 %), chloride (CV 1.1 %), bicarbonate (CV 4.0 %), urea (CV 2.0 %) and albumin (CV 1.6 %). Strong ion difference was calculated by subtracting the serum chloride concentration from the sum of the serum concentrations of sodium and potassium [12] . Urinary sodium (CV 1.5 %) and potassium (CV 1.5 %) were assayed on a Vitros 250 analyser (Ortho Clinical Diagnostics). Haematological parameters were measured on a Sysmex SE 9500 Analyser (Sysmex UK Ltd., Milton Keynes, U.K.) using direct-current hydrodynamic focusing and cumulative pulse height detection. The CVs for haemoglobin and packed cell volume estimation were 1-1.5 %. A volume of 2 litres of 0.9 % saline BP (Baxter Health Care, Thetford, U.K.) or compound sodium lactate BP Hartmann's solution (Baxter Health Care) ( Table 1) was then infused over 60 min, with the subject in the supine position ; infusions were carried out in random order on separate days. A nurse who was not involved in the study masked all labels on the infusion bags with opaque tape and also performed the randomization. Randomization was performed using sequentially numbered paired sealed opaque envelopes. The infusion started at time 0. Pulse rate and blood pressure were recorded at 15 min intervals for 2 h and then at 30 min intervals for a further 4 h. Subjects were not allowed to eat or drink for the duration of the study, and remained supine for most of the time. They stood up to void urine and to be weighed, but blood samples were taken after they had been lying supine for at least 15 min.
Body weight and the above blood tests were repeated at 1 h intervals for 6 h. Subjects voided their bladders as the need arose and, in all cases, at the end of 6 h. The time of each micturition was noted and urine volume was measured. Post-infusion urine samples were pooled and Responses to crystalloid infusions then analysed for osmolality and concentrations of sodium and potassium.
The experiment was repeated with a 2-litre infusion of Hartmann's solution in those who received 0.9 % saline initially, and vice versa, 7-10 days later. All investigators, subjects and laboratory staff were blinded. The randomization code was broken at the end of the study. The University of Nottingham Medical School Ethics Committee granted ethical approval for the study, which was carried out in accordance with the Declaration of Helsinki of the World Medical Association (http :\\ www.wma.net). A system to report adverse events was in place.
Statistical analysis was performed with SPSS2 for Windows TM Release 9.0 software (SPSS Inc., Chicago, IL, U.S.A.). Data were presented as mean (S.E.M.) or median (interquartile range). Data were tested for statistical significance using the Wilcoxon signed ranks test, and tests of between-subjects effects (saline compared with Hartmann's solution) were performed using the general linear model repeated-measures procedure. Graphs were created with GraphPad Prism 2 Software (GraphPad Software Inc., San Diego, CA, U.S.A.). Differences were considered significant at P l 0.05.
RESULTS
A total of 10 male volunteers were recruited for the study. One of the volunteers contracted influenza 1 day before the second leg of the study (unrelated to the study) and had to be withdrawn. The remaining nine volunteers had a median (interquartile range) age of 21.0 (20.0-21.5) years and height of 1.81 (1.75-1.85) m. Baseline measurements prior to the infusion of each of the solutions are summarized in Table 2 . Four volunteers received Table 3 Table 3 ). The decrease was more pronounced and more prolonged after saline (P l 0.003). Changes in haematocrit and haemoglobin were similar, but of a smaller magnitude (Figure 1, Table 3 ). Sequential changes in serum sodium, potassium, chloride, strong ion difference, bicarbonate, osmolality and urea are shown in Table 3 and Figure 2 . Urinary responses are summarized in Table 4 . Although there were no significant differences in post-infusion urinary osmolality or potassium excretion, subjects excreted 1.7 times more sodium after Hartmann's solution than after saline ( Table 4 ). The difference in sodium excretion was even more pronounced when expressed as a percentage of the sodium infused.
Changes in body weight depended on the volumes of fluid infused and urine excreted (Figure 1 , Tables 3 and  4) . Although all volunteers had gained 2 kg at the end of each infusion, weight returned to baseline more slowly after saline than after Hartmann's solution because of the different rate of excretion of these two solutions.
One subject developed transient facial oedema after saline infusion. No other side effects or complications were observed.
DISCUSSION
This detailed comparison of the effects of 2-litre infusions of two ' isotonic ' crystalloid solutions over 1 h in healthy volunteers has shown that, while 0.9 % saline has greater and more prolonged blood and plasma volume expanding effects than Hartmann's solution, as reflected by the greater dilution of the haematocrit and serum albumin, and the sluggish urinary response in terms of both initiation of micturition and urine volume, these effects are at the expense of the production of a significant and sustained hyperchloraemia. Changes in body weight indicated that, at the end of 6 h, 56 % of the infused saline was retained, compared with 30 % of the Hartmann's solution. The consistency of the effects is implied by the fact that the changes seen after the saline infusion were almost identical with those observed by us previously [5] .
The kinetics of the excretion of Hartmann's solution were similar to those for Ringer's acetate shown by Hahn's group [10, 11] , but excretion of an identical volume of 5 % dextrose [5] was more rapid than that of Hartmann's solution. Subjects emptied their bladders earlier and more frequently after infusion of Hartmann's solution than after saline, similar to previously published results [4] .
The persistent hyperchloraemia observed after saline infusion is consistent with published data [4] [5] [6] [7] [8] [9] and Responses to crystalloid infusions The decrease in anion gap after the two infusions was also associated with a fall in the serum protein concentration [7] . As the negatively charged albumin molecule accounts for about 75 % of the anion gap [13] , acute dilutional hypoalbuminaemia can effectively reduce the upper limit of the normal range for the anion gap [14] , as evidenced by a reduction in anion gap of 2.5 mmol\l for every 10 g\l fall in serum albumin concentration in critically ill patients [15] . Stewart [12] has described a mathematical approach to acid-base balance in which the strong ion difference
in the body is the major determinant of the H + ion concentration. A decrease in the strong ion difference is associated with a metabolic acidosis, and an increase with a metabolic alkalosis. A change in the chloride concentration is the major anionic contributor to the change in H + homoeostasis. Hyperchloraemia caused by a saline infusion, therefore, will decrease the strong ion difference and result in a metabolic acidosis [7, 14, 16, 17] . Although the volume of fluid replacement in Scheingraber's study [7] may be considered excessive, that study provided conclusive evidence that hyperchloraemic acidosis accompanies saline infusions, confirming the earlier observations of McFarlane and Lee [18] , who demonstrated a less severe acidosis after the infusion of 3 litres over 200 min. The greater diuresis of water after infusion of Hartmann's solution compared with 0.9 % saline may be partly explained by the lower osmolality of this solution and the reduced secretion of antidiuretic hormone that this may have engendered. Although there were no significant differences in serum osmolality or sodium concentration between the two infusions, there appeared to be a slightly greater fall in both parameters after Hartmann's solution. Even a small change in osmolality, within the error of the methods of measurement, might be sufficient to cause a large change in antidiuretic hormone secretion. It is tempting to speculate that other factors, such as the effect of chloride ions on glomerular filtration rate, may also have contributed. The greater excretion of sodium after infusion of Hartmann's solution, despite the fact that it contains less sodium than 0.9 % saline, is more difficult to understand, unless an effect of the chloride ion is also involved. Veech [6] emphasized that when large amounts of saline are infused, the kidney is slow to excrete the excess chloride load. He also suggested that, as the permeability of the chloride ion across cell membranes is voltage dependent, the intracellular chloride content is a direct function of the membrane potential. Wilcox [19] found, in animal studies, that sustained renal vasoconstriction was specifically related to hyperchloraemia, which was potentiated by previous salt depletion and related to the tubular reabsorption of chloride. The tubular reabsorption of chloride appeared to be initiated by an intrarenal mechanism independent of the nervous system, and was accompanied by a fall in glomerular filtration rate. Wilcox also established that although changes in renal blood flow and glomerular filtration rate were independent of changes in the fractional reabsorption of sodium, they correlated closely with changes in the fractional reabsorption of chloride, suggesting that renal vascular resistance is related to the delivery of chloride, but not sodium, to the loop of Henle [19] . Chlorideinduced vasoconstriction appeared to be specific to the renal vessels, and the regulation of renal blood flow and glomerular filtration rate by chloride could override the effects of hyperosmolality on the renal circulation [19] . It has also been shown, in an experimental rat model of saltsensitive hypertension, that while loading with sodium chloride produced hypertension, loading with sodium bicarbonate did not [20] . Further studies on young adult men have shown that plasma renin activity was suppressed 30 and 60 min after infusion of sodium chloride, but not after infusion of sodium bicarbonate, suggesting that both the renin and blood pressure responses to sodium chloride are dependent on chloride [20] .
Isotonic sodium-containing crystalloids are distributed primarily in the extracellular space, and textbook teaching classically suggests that such infusions expand the blood volume by one-third of the volume of crystalloid infused [21, 22] . The pre-infusion body weight of the volunteers studied was 76 kg ; assuming a blood volume equivalent to 6 % of body weight [22] , the initial blood volume of the volunteers can be calculated to be 4.56 litres. The peak blood volume expansion (equivalent to the percentage fall in haematocrit) at 1 h was 10.6 % after saline and 8.1 % after Hartmann's solution. Therefore, in absolute terms, after a 2-litre influsion, blood volume was expanded by 483 ml with saline and 369 ml with Hartmann's solution, resulting in a volume expanding efficiency of 24.1 % and 18.4 % respectively, which, although much less than the often quoted efficiency of 33 %, accords with previously published data [11, 22, 23] . The greater percentage change in serum albumin concentration than in haemoglobin or haematocrit reflects their difference in volume distribution and may also be due to a ' drag ' effect, whereby albumin follows solutes into the interstitium by convection [5, 24] . The greater fall in serum albumin concentration after saline than after Hartmann's solution may not only be caused by the greater fluid retention, but may also be a compensatory response to the decrease in the strong ion difference caused by the hyperchloraemia.
Saline has been the mainstay of intravenous fluid therapy ever since Thomas Latta reported that intravenous saline infusions saved cholera victims from almost certain death [25] . Alexis Hartmann, in 1934, suggested that his lactated Ringer's solution was superior to saline infusions in the treatment of infantile diarrhoea [26] , and subsequent publications have confirmed the superiority of Hartmann's solution for resuscitation [7] [8] [9] 27] . This may be due to the protective effect of Hartmann's solution against changes in blood chloride and pH, as critically ill patients are prone to develop an acidotic state. As Hartmann's solution is excreted more rapidly than saline, its use in the critically ill may result in improved excretion of accumulated metabolites. Although Scheingraber et al. [7] felt that the hyperchloraemic acidosis caused by large volumes of saline infusion was without major pathophysiological implications in their study, hyperchloraemic acidosis, as a result of saline infusion, has been shown to reduce gastric blood flow and decrease gastric intramucosal pH in elderly surgical patients [9] , and both respiratory and metabolic acidosis have been associated with impaired gastric motility in pigs [28] . Salt and water overload has also been shown to delay recovery of gastrointestinal function in patients undergoing colonic surgery [29] . Moreover, acidosis impairs cardiac contractility and may decrease the responsiveness to inotropes. Large volumes (50 ml\kg over 1 h) of saline infusion in healthy volunteers have also been shown to produce abdominal discomfort and pain, nausea, drowsiness and decreased mental capacity to perform complex tasks, changes not noted after infusion of identical volumes of Hartmann's solution [4] .
The attempt to find a truly physiological crystalloid preparation for both scientific and clinical work has been going on for over three-quarters of a century, and the results have inevitably been a compromise. In conditions of peripheral circulatory failure or liver disease, there may be increased endogenous lactate production or a decreased capacity to metabolize infused lactate [6] . On the other hand, the unphysiological proportion of chloride in 0.9 % saline causes other problems, as outlined above. Clinicians should be aware of the shortcomings of both 0.9 % saline and Hartmann's solution, and take particular care to tailor the dose of each to the pathophysiological condition being treated.
